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Abstract
A series of different amines was immobilized on a silica support by grafting or impregnation and tested for CO2 adsorption in
simulated flue gases. This paper compares the adsorption isotherms and the cyclic adsorption capacities of these materials.
Furthermore, we estimate the diffusion rate of CO2 from simulations of the breakthrough curves and discuss some aspects of the
design of a potential adsorption process for CO2 capture.
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1. Introduction
Chemical absorption of CO2 by an aqueous solution of monoethanolamine (MEA) is at present date considered as
the most mature technology of CO2 capture in post-combustion flue gases. The MEA process has, however, a
number of shortcomings. Its energy consumption is high, due to heat input needed for the regeneration of the
solvent. Moreover, MEA slowly degrades, mostly due to oxidation, and the products of degradation cause corrosion
of the absorption columns. Part of the MEA is also volatized in the gas stream and needs to be removed in a washing
step, to avoid environmental pollution. Finally, a large exchange surface between the gas stream and the solvent is
required to assure a high efficiency of CO2 capture, which means that the dimensions of the absorption columns are
very large. The scientific community therefore intensively searches for alternatives to the MEA process. The use of
alternative solvents, membrane separation and pressure swing adsorption are some of the options. Solid sorbents
allow circumventing one of the major problems associated with absorption by amine solvents, that is corrosion.
Moreover, the use of a solid sorbent opens the possibility to apply different regeneration modes (isothermal
regeneration under vacuum, regeneration by a desorbent, etc.), which may help to reduce the energy consumption.
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A solid sorbent for postcombustion CO2 capture needs to fulfill the following requirements: a high adsorption
capacity at low pressure (to reduce the mass of adsorbent), a moderate heat of adsorption (to facilitate regeneration),
a fast adsorption kinetics (to allow high gas velocities in the adsorber), a fast desorption (to allow short cycle times),
a high selectivity CO2/N2 (in order to meet the purity requirements of the recovered CO2), and a high water tolerance
(the postcombustion exhaust gases always contain water vapor). None of the conventional adsorbents (zeolites,
activated carbons, etc.) unifies all of these qualities. Amine functionalized sorbents, however, are very interesting
candidates for CO2 capture. The strong interaction between amines and CO2 guarantees a high selectivity towards
CO2 and amine based sorbents are, in general, not negatively affected by water. The challenge is, however, to find
the best compromise between high capacity, fast adsorption kinetics and ease of regeneration.
We compared two methods of immobilization of amines on a solid support (a commercial mesoporous silica gel):
grafting of aminosilanes and simple impregnation of polyamines from an ethanolic solution. The performance of the
sorbents was evaluated by performing breakthrough curves of CO2/N2 mixtures (and sometimes of N2/CO2/H2O
mixtures) at different CO2 partial pressures, different temperatures and gas velocities. The CO2 adsorption isotherms
and semi-quantitative kinetic information were extracted from the breakthrough curves. These data were used to
estimate the performance of the solids in a cyclic adsorption process and to evaluate its economic viability.
2. Experimental Section
The support material was a commercial silica gel (Grace X254), with a surface area of 552 m2/g and a total pore
volume of 0.84 ml/g. The pore size distribution is rather broad, ranging from 3 to 8 nm. Two methods were used to
immobilize amines on the silica support (sieve fraction 100 – 200 ȝm): grafting and imprenation. A mono-, di- and
triamine were used for grafting. The grafting reagents were (3-aminopropyl)trimethoxysilane (AP), ((N-
aminoethyl)(3-aminopropyl)trimethoxysilane (AEAP) and ((3-trimethoxysilyl)propyl)diethylenetriamine (TA). The
grafting reagent (8 mmol/g SiO2) was mixed with dry, distilled toluene and then poured over the silica support that
had previously been dried under vacuum. The suspension was refluxed at 383 K for 7 h, then filtered, washed with
toluene and dried under vacuum. The powder was placed in a humid atmosphere to hydrolyze the remaining
methoxy groups. Finally, the material was dried in an oven at 373 K for 24 h.
The following amines were used for impregnation on the silica support: a branched polyethyleneamine (PEI,
Aldrich, Mn ~ 600 g/mol; Mw ~ 800 g/mol), tetraethylenepentamine (TEPA), and the tetramines N,N'-bis-(3-
aminopropylethylenediamine) (bisAPED) and 1,4-bis-(aminopropyl)-piperazine (bisAPPip). Further, TEPA was
modified by reaction with acrylonitrile (AN), once in a ratio of TEPA:AN = 3:2, once in a ratio of TEPA:AN = 1:2,
yielding the products TEPAN1 and TEPAN2, respectively. The reaction with AN converts the terminal (primary)
amino groups into secondary amino groups, by R-NH2 + CH2=CH-CN ĺ R-NH-CH2-CH2-CN. In TEPAN2 all
primary amino groups should be converted, in TEPAN1 the fraction of converted amino groups is < 0.33. For the
impregnation the desired quantity of amine was diluted in ethanol and mixed with the silica. The suspension was
stirred for 24 h, then the alcohol was removed on a rotary evaporator. Finally, the material was dried for 4 – 5 h at
323 K in an oven.
For the adsorption experiments the sorbents were filled into a column that was placed into an oven. A gas
distribution system allowed us to feed the column either with pure N2 or with a mixture of CO2 in N2 and to switch
rapidly between the two. Moreover, we had to possibility to introduce water vapour by passing via a saturator. The
pressure was always atmospheric plus the (small) pressure drop over the column. The sorbents were initially treated
in N2 at 393 K for 2 h, then brought to the adsorption temperature (323 or 348 K) and a breakthrough curve N2ĺ N2
+ CO2 was recorded by means of a TCD detector at the column exit. An adsorption isotherm was measured by
repeating the breakthrough experiments at different CO2 concentrations (from 5 to 30% v/v), each time followed by
a regeneration at 393 K. In addition to the adsorption isotherms, cyclic adsorption-desorption experiments were
performed. In that case the CO2 concentration was fixed at 15% and the feed was alternated between CO2 + N2 and
N2, while keeping the temperature constant.
For analyzing the mass transfer rates, breakthrough curves were measured at different gas velocities and using
different sieve fractions of the silica support (100 – 200 ȝm, 500 – 1000 ȝm and 1000 – 1600 ȝm). Each sieve
fraction was impregnated separately with TEPA. The breakthrough curves were simulated by a model that describes
the flow in the column as plug flow with axial dispersion. Mass transfer is represented by a film around the particles
and by Fickian diffusion inside the pores of the spherical silica particles.
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3. Results and Discussion
3.1. CO2 adsorption isotherms of grafted and impregnated amines on a silica support
Table 1 compiles the textural characteristics and the amine loadings of the grafted silica materials. The pore
volume, the surface area and the surface density of the grafted silanes decreased from mono- to triamine. The total
amine loading increased from the mono- to the triamine. The grafting of multiamines allowed to deposit a higher
concentration of amino groups on the silica surface. Yet, the CO2 adsorption capacity of the samples followed the
order AEAP > TA > AP (Figure 1a), i.e. the diamine had the highest adsorption capacity. In order to explain this
result we looked at the capture efficiency of the samples, i.e. the ratio of adsorbed CO2 to the number of amino
groups (Figure 1b). In the case of AP and AEAP the capture efficiency is between 0.2 and 0.3, which is in
agreement with earlier literature values [1]. In the case of TA, however, the capture efficiency is approximately 30%
smaller, which indicates that only two of the three amino groups of the grafting reagent participate in CO2 capture.
Moreover, the surface density of the bulky triamine is lower (see Table 1), which leads in sum to a lower adsorption
capacity than for the diamine. This result is at variance with the findings of Hiyoshi et al. who reported that the
adsorption capacity steadily increased from mono- to triamines grafted on SBA-15 (a mesoporous silica).
Table 1 Textural characteristics and N content of the grafted silica materials
Vp (ml/g) SBET (m2/g) N content (mmol/g) molecules/nm² a
AP 0.54 339 1,5 1,7
AEAP 0.44 273 2,8 1,5
TA 0.37 227 3,3 1,2
a calculated per surface of the naked silica support
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Figure 1 Adsorption isotherms of CO2 on the grafted silica material at 323 K expressed in mol/kg or as the ratio CO2/amino group.
The isotherms of the grafted amines are not very steep, which should be favorable for the regeneration of the
materials, but the adsorption capacity is rather low (0.4 to 0.8 mol/kg at 0.15 bar CO2, which is the usual CO2
concentration in flue gases). In order to increase the capacity one would need to increase the amine loading and/or
the capture efficiency. The capture efficiency of grafted amines is never much higher than 0.35 (the stoichiometric
value would be 0.5) [1]. The amine loading, on the contrary, is limited by the surface area available for grafting. A
literature survey shows that the highest grafting density that has been achieved is 1.9 molecules/nm2. We are quite
close to that limit. One could gain by using a support with a higher surface area. Mesoporous silicas can attain
surface areas up to 1000 m2/g. The grafted materials reported by Hiyoshi et al. [1] present a combination of high
surface area of the support, high grafting density and high capture efficiency and are probably close to the optimum
that can be achieved with such kind of materials. These samples attained sorption capacities up to 1.6 mol/kg, which
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is still a rather moderate value. Moreover, one should keep in mind that the grafting reagents are expensive. The
grafting has to be carried out in the presence of an organic solvent under anhydrous conditions and is not a trivial
preparation step. These are considerable obstacles for the use of grafted silicas in a large-scale application like CO2
capture in flue gases. We therefore turned our interest to a simpler preparation method, i.e. the impregnation of
polyamines of low volatility.
We started out by using polyethyleneimine (PEI), which contains a mixture of primary, secondary and tertiary
amines, a polyamine with two primary and two secondary amino groups (bisAPED) and another one with two
primary and two tertiary amino groups (bisAPPip). We first investigated how the level of impregnation influences
the adsorption capacity at a concentration of 15% CO2 in the feed. Independent of the nature of the polyamine, the
maximum adsorption capacity was always found at a loading of 7-8 mmol/g, which corresponds to a pore volume
filling of 60%. Up to this value the capacity increased with amine content, at higher loadings the efficiency of CO2
capture dropped drastically. Moreover, the CO2 breakthrough curves, which were otherwise very sharp due to the
compressive effect of the adsorption isotherm, became more dispersed at amine loadings > 8 mmol/g. This indicates
that mass transfer became strongly hindered when the amine occupied more than 2/3 of the pore volume. For
comparison, Grey et al. claim that the best performance is achieved at an impregnation level of 75-85 % v/v, using
other supports (polystyrene or polymethylmethacrylate) [2]. Figure 2 further allows to elucidate the role of primary,
secondary and tertiary amines in CO2 capture. BisAPPip, with two primary and two tertiary amino groups, adsorbed
significantly less CO2 than bisAPED. The efficiency of bisAPPip (ratio of CO2 adsorbed per amino group) was close
to 0.25, which suggests that the tertiary amino group did not intervene at all in CO2 capture, while the primary
amino groups were 100% efficient. BisAPED had an efficiency of 0.35 – 0.4, a figure which results from the
combination from highly efficient primary and moderately efficient secondary amino groups. Branched PEI contains
a mixture of primary, secondary and tertiary amines, hence its performance is intermediate between bisAPED and
bisAPPip.
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Figure 2 Adsorption capacity at a CO2 concentration of 15% and a
temperature of 323 K as a function of amine loading.
Figure 3 Adsorption isotherms of three impregnated amines (amine
loading of 7-8 mmol/g) at 323 K.
Figure 3 shows the adsorption isotherms of the three polyamines at the optimum amine loading. The adsorption
capacities were significantly higher than those of the grafted materials, but the isotherms of the impregnated
materials are very flat. They are close to saturation already at very low partial pressures.
For a more quantitative comparison of the isotherms of grafted and impregnated amines we fitted the isotherms
by a Langmuir equation, i.e.
q = qsat * K* p / (1+K*p) (1).
1338 G.D. Pirngruber et al. / Energy Procedia 1 (2009) 1335–1342
Pirngruber/ Energy Procedia 00 (2008) 000–000 5
The adsorption constant K was in the range of 7 – 18 bar-1 for the grafted samples, and between 40 and 75 bar-1
for the impregnated solids. The higher the K values, the steeper is the initial slope of the isotherm and the more
difficult it will be to regenerate the sample. The ideal sorbent would have a high adsorption capacity in combination
with a relatively low K-value, but in practice such a combination does not seem to be possible.
In view the results described above, we concentrated our further efforts on linear polyamines containing only
primary and secondary amino groups and looked in more detail at the effect of chain length and of the ratio of
primary to secondary amino groups. We therefore compared the performance of PEI, bisAPED, TEPA and of the
two modified amines TEPAN1 and TEPAN2. The adsorption temperature was raised to 348 K in order to avoid
eventual mass transfer limitations, which might affect the adsorption capacities.
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Figure 4 Adsorption isotherms of impregnated amines at 348 K. Figure 5 Evolution of the adsorption capacity over 5 isothermal
adsorption-desorption cycles at 348 K.
Figure 4 shows that the isotherms of TEPA and of bisAPED are rather close, with a slight advantage for
bisAPED, which has the lower molar mass and therefore a lower viscosity. PEI adsorbs less because it contains
some tertiary amino groups, which do not participate in CO2 capture. The modification of TEPA with acrylonitrile
has a strong impact on the isotherms. The adsorption capacity decreases and the isotherms become less rectangular.
In the case of TEPAN2, the (supposedly) complete conversion of primary to secondary amines drastically reduced
the adsorption capacity, which indicates that primary amines are necessary for efficient CO2 capture. In TEPAN1
the partial functionalization with acrylonitrile moderated the adsorption strength of the samples, without severely
sacrifying the adsorption capacity.
Figure 5 shows the evolution of the adsorption capacity over five isothermal adsorption-desorption cycles at 348
K. The N2-purge at 348 K is not sufficient to fully regenerate the samples. Hence, the adsorption capacity is reduced
from the first to the second cycle. From the second cycle onwards it does not decrease significantly any more. The
result indicates that part of the CO2 is adsorbed quasi irreversibly in the column during the first cycle. The
corresponding sorption sites are not available any more for CO2 capture in the subsequent cycles. The quasi
irreversible adsorption can be associated with the very steep initial part of the CO2 adsorption isotherm (below 0.05
bar).
The cyclic adsorption capacity is a more relevant selection criterion than the absolute adsorption capacity,
because it is more representative of the behavior in a pressure swing adsorption process. It results from the
combination of the absolute capacity at feed pressure and the curvature of the isotherm. Figure 5 shows that the
sample TEPAN1 has, in spite of its moderate absolute adsorption capacity, the highest cyclic capacity, thanks to the
more favorable shape of its isotherm. TEPAN2 has an isotherm with even lower curvature, but its absolute capacity
is too low to be competitive with the other samples. The best compromise between absolute capacity and curvature
of the isotherm is found for TEPAN1 and TEPA.
The beneficial effect of the modification of TEPA by acrylonitrile on the cyclic adsorption capacity was first
described in a series of papers by Filburn and co-workers [2,3,4]. They attributed the positive effect of the
modification to the conversion of primary to secondary amines. Based on our results we can go a little bit further in
explaining the phenomenon: the functionalization reduces the concentration of primary amines, which seem to be
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the strongest adsorption sites. Therefore, the absolute capacity decreases. The functionalization also modifies the
basicity of the amine, which leads to the decrease in the curvature of the isotherm. If the correct compromise
between the two effects is found, the functionalization increases the cyclic capacity of the polyamine. A full
functionalization of the primary amino groups is not desirable because the loss of adsorption capacity is too high.
3.2. Effect of water on adsorption and desorption
The previous experiments were carried out with dry CO2-N2 mixtures. In reality flue gases always contain
moisture. The literature usually reports a slightly positive effect of water on the adsorption of CO2, especially for
polyamines immobilized on polymer supports [1,2,5]. We compared the adsorption capacities with and without the
presence of water for several amines (see Table 2). In our hands, moisture had a small negative effect on the
adsorption of CO2.
Table 2 Adsorption capacity at 323 K, for a CO2 concentration of 15%, in the presence or absence of 8.5% H2O.
Amine N content (mmol/g) qads CO2 (mmol/g) qads CO2 (mmol/g)
dry moist
PEI 7.7 1.49 1.42
bisAPED 7.8 2.62 2.27
We also looked at the effect of water during the desorption step: The desorption of a column equilibrated with
10% CO2 was once carried out with a purge of pure N2 and once with a mixture of 5% H2O in N2. The two
desorption curves were almost identical, i.e. water did not have a beneficial effect on the desorption of CO2 by
displacement of CO2 from the sorption sites. This result is in line with the observation that water does not affect the
adsorption capacity of CO2 very much. The sorption sites of the two molecules seem to be different and do not
interfere with each other. The quantity of adsorbed water is, however, non-negligible. At 8% H2O in the feed (a
typical concentration found in flue gases) the quantity of adsorbed water was measured gravimetrically to be 1.5
mol/kg, i.e. in the same order of magnitude as CO2.
3.3. Analysis of the mass transfer
For the design of an adsorption process, the knowledge of the adsorption isotherms is not sufficient. We also
need some information on the mass transfer, in particular on the diffusion of CO2 in the porous solid. We evaluated
the rate of mass transfer by measuring breakthrough curves at different gas velocities and with different particle
sizes of the silica support. The amine TEPA was selected for these kinetic experiments. Figure 6 shows the
breakthrough curves as a function of gas velocity for three different particle sizes. In the case of the smallest particle
size, the breakthrough curves remained almost vertical for the whole range of measured gas velocities (0.66 –
2.64 m/min). For the larger particle sizes, however, we clearly see that the concentration front of CO2 becomes more
dispersed when the gas velocity increases.
For the determination of the diffusion coefficient of CO2 in the solid, we simulated the breakthrough curves. The
input parameters of the breakthrough model are: the adsorption isotherm (described by a Langmuir equation), the
porosity of the bed (0.37), the particle diameter, the length of the bed, the interstitial gas velocity, the CO2
concentration, the axial dispersion coefficient and the diffusion coefficient of CO2 in the pores of the solid. The
diffusion coefficient of CO2 (Dc) was the only unknown parameter. The breakthrough curves were simulated for
different values of Dc until a fair agreement with the set of experimental curves was reached. We found that Dc was
in the range of 2 – 5*10-11 m2/s.
In a real adsorption process, the gas velocities would be much higher than the values used in our laboratory tests.
Hence, mass transfer effects would be a lot more important and strongly influence the shape of the concentration
front. Knowing the value of Dc, the breakthrough curve simulator allows to predict the behavior of the sorbent under
"real" conditions, i.e. at gas velocities ranging from 5 to 30 m/s, which is very important for process design.
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Figure 6 Breakthrough curves of CO2 (relative concentration vs. eluted volume) on TEPA sorbents, impregnated on silica of three different sieve
fractions, at different gas flow rates. 60 Nml/min corresponds to an interstitial gas velocity of 2.64 m/min.
3.4. Aspects of process design
For analyzing the economics of an adsorption process we used as reference case a 600 MW power plant that
produces 500 t/h CO2. The total volume flow of the flue gas is 1.76 Nm3/h. This huge flow needs to be compressed
to compensate the pressure drop over the adsorption columns. Since the compression of the flue gases consumes a
lot of energy we want to keep the inlet pressure of the columns as low as possible. For a given inlet pressure the
maximum height (H) of the columns depends on the gas velocity (u) via the Ergun equation. The total cross section
(S) of the adsorbers is given by S = F/u (F = volumetric flow rate) and the total mass of adsorbent by m = S*H*(1-
İ)*ȡ, İ being the void fraction of the column and ȡ the density of the sorbent. If we fix the ratio of column diameter
to column height to 1 (a lower ratio would make the gas distribution in the column difficult) we can calculate the
number of columns in adsorption mode that are necessary to treat the flue gas. Figure 7 shows the relation between
gas velocity and adsorbent mass as well as the number of columns and their height.
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Figure 7 Evolution of (a) the total mass of adsorbent and (b) the number of adsorption columns as a function of gas velocity, for a pressure drop
of 0.25 bar or 0.75 bar. The calculations were performed for a solid density of 1080 kg/m3 and a particle size of 1.6 mm.
Since the column height and the total cross section decrease with increasing gas velocity, the total mass of
adsorbent also strongly decreases. If we want to minimize the mass of adsorbent we should therefore work at gas
velocities that are as high as possible. High gas velocities correspond to a large number of short columns with a low
total mass of sorbent, while low gas velocities correspond to a small number of long columns with a high total mass
of sorbent. For a pressure drop of 0.25 bar the number of columns is exceedingly large. In order to reduce the
number of adsorption columns to a reasonable range, we have to allow a pressure drop of at least 0.75 bar. An
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economic evaluation shows that the additional cost of the compression of the flue gas to 1.75 bar instead of 1.25 bar
is 3 €/t CO2, which is acceptable.
The considerations above are purely hydrodynamic and take into account neither the adsorption capacity of the
sorbent nor the mass transfer phenomena in the column. Simulations of the breakthrough curves show, however, that
mass transfer rates and cycle times are reasonable for gas velocities in the range of 20 – 30 m/min.
Concerning the mode of regeneration of the columns we considered desorption by heating with water vapor
(TSA) or by applying vacuum (VSA). Temperature swing operation is not very favorable, due to the high vapor
consumption needed for heating the column. Moreover, the thermal inertia of the solid would lead to long heating
and cooling times, which means that the time needed for regeneration is much longer than the adsorption step.
Hence, a large number of columns would be in regeneration mode for each column in adsorption mode and the total
number of columns would increase enormously compared to the numbers in Figure 7b.
We therefore looked into regeneration by vacuum. Since the partial pressure of CO2 in the feed is only 0.15 bar, a
vacuum of less than 0.15 bar is needed to regenerate the sample. The desorbed CO2 will, thus, be obtained at low
pressure and needs to be recompressed to 110 bar. The additional cost of recompression from the desorption
pressure back to atmospheric (where one normally starts from) is not prohibitive. There are, however, technological
problems. At a desorption pressure of 0.01 bar, the volumetric flow entering in the compressor would be larger than
20*106 m3/h. Conventional compressors can cope with 0.35*106 m3/h and the largest compressors known to date
have a capacity of 2*106 m3/h. Finding an efficient way to deal with the huge flow rates will therefore be a critical
issue in a VSA process.
4. Conclusions
The ideal sorbent for CO2 capture would have a high adsorption capacity and at the same time a CO2 isotherm
with low curvature, to facilitate regeneration. In reality, this combination is rarely found. Silica samples grafted with
mono-, di- or triamines have isotherms with a moderate curvature, but their absolute sorption capacity is rather low.
Polyamines impregnated on silica can adsorb a lot more CO2, but their regeneration is more difficult. Primary
amines seem to be strongest adsorption sites for CO2. When part of the primary amines are reacted with
acrylonitrile, the basicity of the samples is moderated, which is favorable for regeneration. These results give some
guidelines for the choice of a suited sorbent for CO2 capture in flue gases.
Irrespective of the choice of the solid sorbent, the design of a pressure swing adsorption process faces difficulties,
which are related to the huge volume flows that have to be dealt with. The number of adsorption columns is imposed
by hydrodynamic considerations (pressure drop limitations) rather than by the properties of the sorbent itself.
Moreover, a clever mode of regeneration yet has to be found. Neither conventional TSA nor conventional VSA
operation seem to be viable options.
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